Introduction
The original scaffold-loop model of metaphase chromosomes (Laemmli et al., 1977; Paulson and Laemmli, 1977) hypothesized that there were special DNA regions that defined the bases of chromatin loops. Scaffold-associated regions (SARs) were subsequently identified (Mirkovitch et al., 1984) as highly AT-rich regions of variable size (from 0.6 kb to several kilobases) that were specifically bound by the biochemical nuclear and metaphase scaffold. Therefore, SARs have been proposed as candidate DNA elements that define chromatin loops of native chromosomes and may serve as cis elements of chromosome dynamics (reviewed by Laemmli et al., 1992) .
SARs appear to have a dual structural and functional role in gene expression. SARs (sometimes called MARS, for matrix attachment regions) are frequently observed in close association with enhancer elements (Gasser and Laemmli, 1986; Cockerill and Garrard, 1986) . In flanking positions, SARs stimulate expression of various heterologous reporter genes in different biological systems when integrated into the genome, but not in transient assays (reviewed by Laemmli et al., 1992) . A recent model describes SARs as regions of chromatin that more easily unfold, owing to a facilitated displacement of histone Hl, and this may facilitate the entry of factors necessary either for transcription or, at mitosis, for chromosome condensation (Zhao et al., 1993) .
The major scaffold protein Scl (Lewis and Laemmli, 1982) which was identified as topoisomerase II (topo II) (Heck and Earnshaw, 1986; Gasser et al., 1986) , is known to be required for chromosome condensation (Adachi et al., 1991) . In vitro, topo II selectively binds and aggregates SARs by cooperative interactions, a property that might be reflective of one of the roles of this enzyme in chromosome structure (Sperry et al., 1989; Adachi et al., 1989) . In support of an in vivo role, SARs are prominent, although not unique, regions of topo II cleavage activity (reviewed by Poljak and Kb, 1995) . Recent important papers reported the cloning of scaffold protein Sc2 (Saitoh et al., 1994) and the related proteins XCAP-C and XCAP-E, which are also required for chromosome condensation (Hirano and Mitchison, 1994) .
Taking advantage of the very high AT content of SARs, we have recently identified an AT-rich subregion of metaphase chromosomes (called the AT queue) where SARs queue up as mediated by the scaffold. This structural study provides strong evidence that metaphase chromosomes are assembled according to an extended loop-scaffold model (Saitoh and Laemmli, 1994) and that SARs may play an important role in this assembly.
The specific interaction of SARs with the nuclear scaffold is not determined by a precise base sequence, but by structural features, such as the narrow minor groove of the numerous A tracts (AT-rich sequences containing short homopolymeric runs) and possibly bends. The importance of the A tracts in determining the specificity of the SAR-scaffold interaction is based on experiments using the minor groove-binding peptide antibiotic distamycin and artificial SARs (Adachi et al., 1989; Kas et al., 1989) . Selective titration of A tracts by distamycin dissociated all examined SAR-protein interactions, from the cooperative binding of topo II and histone Hl to the specific binding of SARs to the entire nuclear scaffold. SARs need to have a certain length to exhibit a specific interaction, possibly because of a requirement for cooperative interactions (Adachi et al., 1989; Kas et al., 1989) .
To assess the role of SARs by in vitro assembly of chromosomes in mitotic Xenopus laevis egg extracts, we considered two possibilities: first, interference by competition with added SAR or non-SAR DNA, and second, inhibition with artificial, super SAR-binding proteins. To address the first possibility, we studied the conversion of added nuclei to mitotic chromosomes in Xenopus egg extracts in the presence of an increasing concentration of SAR or non-SAR competitor fragments. Although SAR DNA appeared to be a more potent inhibitor of chromosome assembly (about a factor of two) as compared with non-SAR controls, we remained unconvinced by this difference (Y. Adachi, unpublished data). In contrast, the second approach, inhibition by a super SAR-binding protein, was highly success- The 14 amino acid leader (L) sequence derived from the PET-3a vector is at the N-terminus of every MATH protein except MATH1 1. The large shaded arrow indicates one repeating unit of MATH. MATHIO, for example, is composed of ten of these units in a head-to-tail arrangement.
The single letters inside the shaded arrow represent the first and the last amino acid of each repeating MATH unit; the numbers above the amino acids correspond to the sequence positions of HMG-I in (A).
ful and is the subject of this report. These experiments identify SARs as cis elements of chromosome condensation.
Results
Reiteration of the Al-Hook Domain of HMG-I/Y Creates a High Affinity SAR-Binding Protein The high mobility group proteins HMG-I and HMG-Y preferentially bind A tracts that contain six AT base pairs (Solomon et al., 1986; Reeves et al., 1987) . This selective interaction appears to be mediated by minor groove contacts of three consensus regions called AT-hooks. The backbone of the proposed AT-hook peptide (TP--KRPRGR-PKK) has a predicted planar crescent shape that shares structural characteristicswith distamycin, Hoechst 33258, and netropsin (Reeves and Nissen, 1990) . Histone Hl preferentially binds to SARs through highly cooperative interactions involving numerous A tracts (Izaurralde et al., 1989) . HMG-I and HMG-Y, like distamycin, are able to displace histone Hl prebound to SARs by dominant, mutually exclusive titration of the A tracts (Zhao et al., 1993) . We reasoned that a protein containing reiterated AT hooks, modeled according to HMG-IN, might yield a super SARbinding protein whose interaction with several adjacent A tracts might interfere with chromosome dynamics. Figure 1 shows the protein sequence of human HMG-I with the three AT-hook peptides. Multi-AT hook (MATH) proteins were prepared with polymerase chain reaction (PCR) technology, head-to-tail concatenation, and expression in Escherichia coli. The expressed proteins were isolated by acid extraction and purified by heparin chromatography using a linear NaCl gradient for elution. This separates the numerous proteolytic breakdown fragments from the full-length protein, which elutes last.
We prepared MATH proteins consisting of five or ten repeats encompassing hooks 1 and 2 of HMG-I (Figure  1 B) ; they are called MATH1 0 and MATH20, respectively (the number refers to the total number of AT hooks). We also constructed other MATH proteins containing the repeat unit hook 2 (the hook type is indicated by a subscript, e.g., MATHlOp). In addition, we prepared mutant proteins derived from HMG-IA (letter a), whose alterations are indicated below the HMG-I wild-type sequence ( Figure 1A ).
MATH Proteins Have a Greatly Increased Binding
Constant for SARs Band-shift experiments were carried out with two endlabeled fragments: a 310 bp subfragment derived from the Drosophila melanogaster histone SAR and a 223 bp non-SAR control fragment derived from the SV40 promoter (see Zhao et al., 1993) . Multiple protein-DNA complexes (detected as a ladder) are formed specifically on the SAR fragment as a function of HMG-I dose; about six bands (on longer gels eight) can be counted in the specific range reflecting the gradual titration of the clustered A tracts (Figure 2A, lanes l-8) . Thus, six to eight HMG-I molecules are required to titrate the A tracts of this SAR subfragment.
In contrast, the same SAR accommodates only a single MATH20 protein (Figure 28 ). The band shift shows a single specific complex even at the lowest concentration (0.5 ng); the band intensity rapidly increases with protein dose. A MATH20 molecule has six to seven times as many hooks as HMG-I (three hooks), and it takes six to seven times more HMG-I molecules to saturate the SAR fragment. This implies that MATH20 is sufficiently flexible and structurally large (83.6 kDa) to interact with most (if not all) A tracts of the SAR fragment. This simple notion predicts that two MATH10 molecules (half as many hooks) are required to titrate the SAR. Indeed, the band shift for MATH10 shows two complexes. An intermediate band is observed first, then subsequently converts in a dosage-dependent manner to the saturated complex ( Figure 2C ).
The MATH20 and MATH1 0 proteins bind the SAR fragment with great specificity, since no shift of the non-SAR control is noted. In contrast, HMG-I starts to shift the non-SAR band, which contains a single A tract, at the high end of the protein dose even prior to the complete titration of the SAR (Figures 2A, 28 , and 2C). This is as expected; these multi-hook proteins should energetically favor complexes with clustered A tracts regions.
We determined the equilibrium binding constants of MATH proteins by fluorescent quenching of SAR-bound Hoechst (H33258) by MATH proteins; A tracts are high affinity binding sites for Hoechst, and inhibition thereof by Great Specificity -dd
The 310 bp SAR subfragment (SAR), derived from the Drosophila histone SAR (Mirkovitch et al., 1994) , and the 223 bp non-SAR fragment (SV) containing the SV40 promoter region (Zhao et al., 1993) proteins results in a decrease in fluorescence (Suzuki, 1989; Reeves and Nissen, 1990) . The top curves of Figures 3A and 36 show the fluorescence emission of Hoechst complexed to a SAR fragment at different dye concentrations (range, 5-50 nM) . Below are the quenched fluorescence curves recorded at different protein concentrations for HMG-I ( Figure 3A ) and MATH20 ( Figure 38 ). Note that on a molar basis, MATH20 is a considerably more potent competitor for Hoechst.
We determined the apparent dissociation constants (Kapps) for the different quenched fluorescence curves by Lineweaver-Burk plots and subsequently calculated the dissociation constant (Kd) from the ratio of intercept to slope of graphs of Kapp versus the competitor protein con- Figure 3C ). In close agreement with the data reported by Reeves and Nissen for HMG-I (1990) we measured a Kd value of 1.69 nM for HMG-I and a remarkably high & of 2.6 pM for MATH20. Expectedly, a lower value of 18.21 pM was determined for MATHlO, containing half the number of hooks ( Figure 3C ; Table 1 ). Other proteins used in this report were similarly characterized (Table 1) .
Specific Inhibition of Chromosome Condensation by MATH Proteins Xenopus egg extracts prepared in the presence of EGTA convert nuclei to condensed, mitoticchromosomes (Lohka and Masui, 1984; Newport and Spann, 1987) . Demembranated sperm nuclei first remodel their chromatin and then proceed quite synchronously to mitotic chromosomes through a number of morphologically distinguishable steps. This process involves the exchange of basic spermspecific proteins for H2A/H2B and also incorporation of histone 84 (Dimitrov et al., 1994) .
Potential inhibitors were added to mitotic extracts together with sperm nuclei, and the extent of chromosome condensation was then recorded, generally at 120 min. Although we usually record chromosome clusters, numerous individual chromatids, which are excellent indicators of a normal condensation process, were also observed at this final condensation stage. MATH20 was a potent inhibitor of chromosome assembly. Figure 4 shows a gallery of structures observed after 120 min at different protein doses. We observed no significant inhibition of the formation of chromosome clusters and individual chromosomes up to a MATH20 dose of 0.6 ng ( Figures 4A-4C ). In contrast, a 1 ng dose morphologically arrested condensation at the so-called grape stage (centers of higher chromatin concentration). These grapes retained the swollen sperm shape, but no individual chromosomes were observed ( Figure 4D ). A doubling of this dose resulted in a very early arrest corresponding to the so-called ruffle stage, noticeable as peripheral blebs (ruffles) with a more homogeneous interior in contrast with grapes ( Figure 4E ). At 3 ng of MATH20, a complete arrest of the condensation pathway occurred ( Figure 4F ). In thiscase, sperm chromatin structures had a completely smooth morphology; they were swollen relative to input demembranated sperm nuclei (see insert, Figure 4F ) but were past the remodeling stage (see below). We will use the terms mitotic (or 4K ). These results tures. Note that these mitotic nuclei lacked interphase nusuggest that MATH20 inhibition is a specific process. clear structures such as lamina (data not shown) and, by
The specificity of the inhibition is directly supported by inference, nucleopores. They were highly compacted as the MATH10 result. This protein, with half as many hooks, compared with interphase, sperm-derived nuclei. This inhas a -/-fold lower Kd (18.2 PM) on SARs than that of dicates that the assembly/shaping of the chromosome MATH20 (2.6 PM). If inhibition of chromosome assembly rather than condensation is inhibited (see below).
is due to specific titration of SARs, one would expect that In contrast with MATH20, HMG-I has not demonstrated a proportionally higher dose is required to achieve a similar any inhibition up to the maximum amount tested (1200 block. This was observed precisely. While no significant ng). This amount corresponded to a 1200-fold mass or inhibition of chromosome formation was observed with a 6600 molar excess over the MATH20 dose (1 ng) that MATH10 up to 4 ng, addition of 6 ng, 12 ng, and 24 ng showed a very significant inhibition of the condensation resulted in a condensation block at the grape, ruffle, and process ( Figure 4H ). We also tested histone Hl , MeCP2, postremodeling nuclear stages, respectively (Table 1) . Inand polylysine (molecular mass, 50-100 kDa) as potential eluded in Table 1 are data for MATH1 1 and MATHlOp, inhibitors, but have not observed any inhibition even at which have similar Kds (14.74 pM and 13.24 PM) to The chromosome assembly process of Xenopus sperm, HeLa cell, and L-cell nuclei is inhibited in a dose-dependent manner by the various MATH proteins (Table 1) . Shown are representativeexamplesofan inhibitortitration curve with MATH20 (A-F). The more compact input sperm nucleus is shown in the insert of (F). The completely inhibited structures are called mitotic nuclei (F) and the more partially blocked structures ruffles (E) and grapes (D). A number of potential inhibitors that were tested are also shown. All panels represent structures derived from sperm nuclei except (K) (L-cell nuclei). MATH10 but a somewhat different primary structure (see Figure 1 ). Asexpected from their Kds, roughly7-fold higher than MATH20, a proportionally higher dose (about 24 ng versus 3 ng) was necessary to achieve an identical block of chromosome formation (Table 1) .
MATH1 1 Specifically
Interacts with SAR Chromatin Despite the impressive K,, of the MATH proteins on SAR DNA, it was also important to demonstrate a selective interaction with chromatin. For that purpose, we tagged MATH1 1 at its N-terminus with the hemagglutinin epitope HA1 of the influenza virus (Field et al., 1988) , to follow its association with chromatin. Tagged MATH1 1 was added to Drosophila chromatin prepared by partial micrococcal nuclease digestion followed by purification with magnetic DYNAL beads precoated with anti-HA1 monoclonal antibody. About 30/o-4% of the total chromatin is retained on the separated, washed magnetic beads. The isolated DNA was displayed on an agarose gel together with a concentration series from the input (total) chromatin and then hybridized with SAR and non-SAR probes.
To allow a direct comparison of the hybridization signals, the lowest input DNA ( Figure 5 , lane 5, both panels) and the lowest bead DNA concentrations (lanes 1 and 3, both panels) were identical as established by staining the gel with ethidium bromide (data not shown). This only applies to nuclesome multimers; mononucleosomes are depleted in the bead-associated chromatin, supposedly owing to an incomplete accommodation of the 11 AT hooks (MATH1 1) on a single monomer.
The autoradiogram demonstrated directly a preferential interaction of MATH11 with SAR chromatin. Figure 5A shows the hybridization signal probed with the histone SAR. A clear enrichment in the bead-associated DNA can be noted, particularly for the trimer and tetramer band. The factor of enrichment for the nucleosome trimers and tetramers is about 5-fold, as it is necessary to overload the input DNA by that factor to achieve a similar signal (compare lanes 1 and 9). The relative enrichment for nucleosome dimers is lower (about 2-to 3-fold). Supposedly, MATH1 1 makes energetically more favorable contacts with trimers and tetramers by accommodating all 11 hooks. Also, the probability of encompassing the entire histone SAR of 656 bp increases with chromatin size.
Figure 5Bshows the hybridization signal with a non-SAR probe derived from the H2A and H2B genes, which flank the intergenic histone SARs. No enrichment of the non-SAR signal is observed in the bead-associated DNA (compare lanes 1 and 3 with lane 5 of Figure 5B ). Theoretically, one would expect a depleted signal in the bead DNA fraction, but the bead procedure does not quantitatively bind and remove SARs from the input chromatin (data not shown). However, the significant enrichment of the SAR signal in the bead-associated DNA demonstrated a selective interaction of MATH1 1 with SAR chromatin. We have examined the bead-bound chromatin biochemically and observed a standard core histone composition (data not shown). We have also probed these chromatin fractions with the SAR-like satellite Ill DNA (Kas and Laemmli, 1992) and observed a similar selective enrichment for this repeated DNA in the bead-bound fraction (data not shown).
MATH Does Not Interfere with Chromatin Remodeling Do MATH inhibitors allow normal remodeling of the input sperm nuclei and incorporation of chromosomal proteins? Figure 6 shows the SDS-polyacrylamide gel electrophoresis (PAGE) pattern of the isolated chromosomes/nuclei as obtained with several MATH20 inhibitor concentrations (see Figure 4) . In this scaled-up biochemical experiment, we observed complete inhibition of mitotic condensation at a MATH20 concentration of 125 ng. But comparison of the protein pattern of the mitotic chromosomes ( Figure  6 , lane 3, no inhibitor) with that of the blocked nuclei showed no difference (lanes 4-7), despite an 8-fold excess of inhibitor (highest inhibitor dose, 1000 ng). A number of known chromosomal proteins are absent in input sperm nuclei (see lane 1 of Figure 4A ) but were identified in mitotic nuclei by immunoblotting (Figure 48 ). These include the following proteins implicated in condensation topo II (Adachi et al., 1991) , XCAP-C and XCAP-E (Hirano and Mitchison, 1994) , and the linker histone 84 (Dimitrov et al., 1994) . Clearly, chromatin remodeling, incorporation of H2A, H2B, 84, and HMG-2, and the uptake of the scaffolding proteins(topo II, XCAP proteins) appear normal. Moreover, although we cannot rule out subtle biochemical differences between blocked mitotic nuclei (lanes 4-7) and assembled chromosomes (lane 3), their general protein pattern appears undisturbed.
The MATH20 inhibitor (83.6 kDa) loaded at different doses (lanes 8-10) (compare lanes 6-10 with lanes 4-7). The first three dots from the top in (A), lane 7, point to the three scaffolding proteins topo II, XCAP-C, *r--1 and XCAP-E. In (B), the last dot indicates the phosphorylated MATH20.
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The fractional amount of chromosome-bound MATH20 was
Coomassie Coomassie determined for different input doses (indicated) by acid extraction of isolated chromosomes and dephosphorylation by alkaline phosphatase (lanes 4-l 1). The input amount of MATH20 is shown in lanes l-3. This panel shows the displacement of chromosome-bound MATH20 by the histone SAR (2 pg), which was added to the extract at 0 min (lane 6) or at 10 min (lane 9) past initiation of the assembly reaction. Displacement of chromosome-bound MATH20 was not observed by competition with a non-SAR (2 pg, EcoRI-Sall) fragment derived from pK40 (Zhao et al., 1993) added at 0 (lane 10) or 10 min (lane 11) into the reaction, thereof are converted into a slower migrating smear (lane 7). This migration behavior is due to phosphorylation of the cdc2 phosphokinase consensus sequence (indicated by a star in Figure 1 ) as demonstrated for HMG-I (Nissen et al., 1991) . Our resultsshowed that inhibition by MATH20 was not due to interference of the mitotic cycling-dependent phosphokinase.
First, by using a large excess of MATH20 or HMG-I, we observed no inhibition of 64 and H2A phosphorylation (data not shown). Second, a 3600-fold molar excess of HMG-I, which has the same cdc2 kinase consensus as MATH20, was completely ineffective as an inhibitor. Third, mutant proteins and MATHIOZa, which remain unphosphorylated owing to mutated consensus sequences (data not shown), are very effective inhibitors of chromosome formation (see Table 1 ). The high inhibitor potency of MATHIOpa may be due to its unphosphorylated state, as it was previously demonstrated that cdc2 kinase-phosphorylated HMG-I has a strongly reduced binding affinity for A tracts.
The gel patterns of Figure 6A also serve as a visual indicator of the astonishing inhibitor potency of MATHPO. The lowest input dose (125 ng) of MATH20, which is sufficient for inhibition of the maturation pathway but barely visible by staining (lane 4), is less abundant by mass in comparison with topo II and XCAP-E. It is about as abundant as XCAP-C.
Using a mixture of SAR and non-SAR plasmids, we have also examined chromatin assembly by an assay that measures supercoiling (Goto and Wang, 1982) . Using selective hybridization to distinguish either plasmid, we observed no inhibition of chromatinization by an excess of MATH20 or HMG-I (data not shown).
In summary, mitotic phosphorylation, chromatin assembly, sperm remodeling, and biochemical maturation as determined by detectable proteins were all normal in the presence of MATHPO. Of course, we cannot rule out that minor protein components are displaced by MATH20. These observations and the low inhibitor dose, about one molecule per 12-l 5 kb (see Discussion), strongly support the view that inhibition of chromosome assembly by MATH proteins occurs by a specific mechanism, titration of SARs.
MATH20 and Somatic Nuclei: Late Addition Leads to Reshaped, Spherical Chromosomes
The experiments discussed above were carried out with demembranated sperm nuclei, which required chromatin remodeling prior to chromosome formation. To extend these studies to somatic cell nuclei and to study the timeeffect of the inhibitor, we performed a series of experiments with L-cell nuclei. Figure 7A shows in frame 1 the input L-cell nuclei; the nuclei displayed a relatively textured interior with intensely staining nucleoli. These nuclei were efficiently converted in the mitotic egg extract to structures consisting of mixtures of extended chromatid fibers and typical X-shaped chromosomes (about 5%; frame 2). Consistent with the higher DNA content of the diploid somatic nuclei, titration experimentsdemonstrated that complete inhibition of chromosome formation occurred with 5 ng of MATH20 (frame 3).
The blocked mitotic nuclei have an interesting morphology. They consist of a ring-shaped peripheral layer of highly condensed (bright) chromatin surrounding a central cavity of much lower DNA concentration.
This cavity is thought to arise from the disassembly of the nucleoli in Frgure 7. Late Addition of MATH20 Leads to Formation of Chromatid Balls, Whrle SAR and Homopolymeric dA.dT Derepress the MATH20 lnhibrtron (A) Late addition: collapse of the scaffold and controls. Input L-cell nuclei shown in frame 1 were assembled to mitotic chromattds (120 min, frame 2). This condensatron process is completely inhibited by addition of 5 ng of MATH20 (frame 3). Late addition of 5 ng of MATH20 (90 min) after assembly of chromatids leads to the formation of chromatid balls (frame 4). This reshaping requires an active mitotic extract and is repressed by the concomitant addition of MATH20 (5 ng) and 5 mM AMP-PNP at 90 mm (frame 5). AMP-PNP added 10 min into the assembly reaction inhibits the condensation of chromosomes (frame 6). Late addition of 5 ng of MATH20 (90 min) to L-cell nuclei in interphase HSS extract has no effect on the appearance of nuclei (frames 7 and 6). The same observation is made in heat-inactivated extract (frames 9 and 10). (6) Derepression: chromosome assembly was inhibited with 5 ng of MATH20. This inhibition can be averted by the addition of SAR DNA (150 ng) or homopolymeric dA.dT (30 ng), added at 0 min (frames 2 and 5) or at IO min (frames 3 and 6), respectively. Derepression of assembly IS not observed with the nor&AR DNA (150 ng, frame 1) used in Figure 6 or the alternatrng dA-dT polymer (30 ng, frame 4), added at 0 min mitotic extract ( Figure  7A , frame 3). Figure 7A , frames 7, 8, 9, and 10). In summary, MATH20 inhibits formation of chromatids and induces the reshaping of preexisting chromatids to chromatid balls; i.e., misdirected chromatin condensation occurs. Both processes require ATP and a mitotically active extract.
MATH-Induced
Mitotic Nuclei Can Be Averted Specifically by Adding SAR or the dA*dT Homopolymer Despite the highly specific interaction of MATH proteins with both SAR DNA (see Figure 2B ) and chromatin (see Figure 4) , it was of importance to demonstrate their involvement in egg extracts directly. We argued that it might be possible to prevent the inhibitory block of MATH20 by addition of competitor SAR DNA (not with no&AR DNA) to the egg extract. In the particular experiment shown, we blocked condensation of L-cell nuclei with MATH20 (5 ng) and added to the reactions either isolated SAR or non-SAR DNA at 0, 10, or 20 min; then the assembly reaction was evaluated at 120 min. Strikingly, no derepression of ring-shaped mitotic nuclei was observed with added nortSAR DNA (Figure 78 , frame 1); in contrast, a remarkable extent of chromosome assembly occurred in the presence of SAR DNA (frames 2 and 3). The chromosomes that accumulated following derepression were morphologically less homogeneous than controls. Although it was possible to observe a large number of chromatids of normal width, we also noted thinner, shorter-than-normal chromatids (chromosome fragments), which appeared to be more fragile. But clearly, the SAR-derepressed chromosomes were past the ruffle and grape stages as shown above (see Figure 4) , with only the final condensation step (thickening chromatids) somewhat impaired.
We next demonstrated that derepression was brought about bythe biochemical displacement of the bound inhibitor. We acid extracted isolated chromosomes and treated this material with alkaline phosphatase, since phosphorylated MATH20 runs as a smear and is difficult to quantitate (see Figure 6A , lane 7). The fraction of inhibitor bound to isolated chromatin material is presented in Figure 6C . Roughly 20%-30% of the input MATH20 is chromosomebound. This number is needed for stoichiometric considerations (see Discussion). Addition of SAR DNA resulted in displacement of MATH20 from chromosomes, while addition of non-SAR DNA did not (compare lanes 10 and 11 with lane 5 of Figure 6C ). Complete loss of MATH20 occurred when SAR competitor was added at 0 or 10 min into the reaction (lanes 8 and 9) .
Previous biochemical studies aimed at elucidating the dominant DNA structural features of SARs highlighted the importance of the numerous short, homopolymeric A tracts (K&s et al., 1989) . Consequently, it was of interest to test simple duplex polymers as competitors. In accordance with the previous biochemical experiments, we observed efficient derepression when homopolymeric dA*dT was added either 0 or 10 min into the reaction (Figure 78 , frames 5 and 6). This homopolymer is, on the basis of mass, more efficient than SARs (30 ng versus 150 ng). In contrast, the alternating dA-dT polymer (frame 4) and homopolymeric dG*dC (data not shown) are ineffective as derepressors.
These experiments directly identify SARs as the target of MATH20 in mitotic extracts, and they identify A tracts as a dominant structural feature thereof.
Discussion
SARs Are Fuzzy DNA Elements SARs are fuzzy DNA elements defined, at least in part, by a variable number of clustered, irregularly spaced A tracts. To overcome the obvious limitation of molecular genetics in studying SAR function, we synthesized several artificial inhibitor proteins we have called MATHS. These inhibitorsare derivativesof HMG-I andconsist of reiterated AT-hook DNA-binding domains (Figure 1 ). AT hooks are proposed to contact the A tracts in the DNA minor groove (Reeves and Nissen, 1990) . The peptide spacers between the three AT-hooks of HMG-I are 25-32 amino acids long and are predicted by computer to have an extended secondary structure. We preserved these spacer regions in the MATH constructs to allow a presumptive induced fit on differently spaced, clustered A tracts. As expected, MATH proteins interacted with great specificity with the clustered A tracts of SAR DNA and chromatin, and they blocked chromosome assembly of sperm and somatic nuclei in mitotic extracts. All the data presented support the notion of a specific SAR-related inhibitory mechanism.
Stoichiometry
of Inhibition Stoichiometric considerations of the MATH inhibitor reaction are impressive. The potency of the MATH inhibitors is apparent by comparison of band-shift and chromosome assembly experiments. The former contains as competitor 50 ng of salmon sperm DNA, the latter about 36 ng of Xenopus sperm DNA. We observed that the concentration dose of MATH20 necessary to shift the SAR band significantly (1 ng) or completely (2.5 ng, Figure 28 ) also is enough to inhibit chromosome assembly significantly (1 ng) or completely (3 ng, Figure 4 ). This observation also extends to MATH10 and MATH1 1. A 7-to 8-fold higher dose is necessary in this case, either to occupy the SAR completely Figure2C) or to inhibit chromosome assembly completely (Table 1 ). The higher MATHlO/ll concentrations required correlate with the 7-fold higher dissociation constant of MATH10 as compared with that of MATH20 (Table 1) . These considerations, together with the lack of shift of the non-SAR DNA, inspire confidence that MATH proteins are targeted to SARs in egg extracts. It would be of interest to test the Drosophila Dl protein as an inhibitor, as it is a natural protein with seven potential AT hooks (Ashley et al., 1989) .
The various control inhibitor studies (histone Hl, MeCP*, HMG-I) appear superfluous in light of these stoichiometric considerations, but the lack of interference by 200 ng (Figure 4 ) and 400 ng (data not shown) of polylysine (50-100 kDa) is noteworthy. This large molar excess of lysine over DNA phosphate leads to DNA aggregation, as manifested by retention of DNA probes in the well in our standard band-shift experiment (data not shown). The insensitivity of the chromosome assembly reaction toward polylysine, despite its preference for AT-rich DNA and the high dose (Clark and Felsenfeld, 1971 ) is probably due to an excess of nonspecific binding sites in the egg extract (e.g., tRNA or nucleoplasmin).
About 200/o-30% of the input MATH20 dose is recovered on the isolated, blocked mitotic nuclei ( Figure 6C) . At a dose of 1 ng, which is a strong inhibitor, this corresponds to about one molecule bound per 12-l 5 kb of DNA. We assume that two or three molecules per SAR are enough to inhibit and to occupy an attached fragment every 24 to 45 kb. This roughly corresponds to the size of the SAR-defined DNA loops of histone-depleted nuclei (Laemmli et al., 1977) . Interestingly, we estimated asimilar amount of topo II in the assembled chromosomes (about one dimer per lo-15 kb). As a testable hypothesis, MATH20 might inhibit by blocking topo II action at SARs. Note that our experiments do not address the distribution mode of the MATH protein along the genome. These experiments underscore the remarkably specific inhibitory effect of MATH.
MATH Specificity
The magnetic bead ( Figure 5 ) and thederepression experiments ( Figures 6C and 7B ) demonstrate a specific interaction of the MATH inhibitors with SARs, packaged into either chromatin or chromosomes. The derepression experiment shows that it is possible to cause specific displacement of prebound MATH20 by SAR (not non-SAR) DNA, as examined biochemically ( Figure 6C ) or functionally by chromosome assembly ( Figure 7B ). Not surprisingly, the rescued chromosomes appear more frail and fragmented than the controls, although many normal chromatids are observed. This is supposedly due to titration of structural components necessary for more complete chromosomal assembly, in addition to MATH20. The derepression experiments discussed above also rule out the possibility that MATH20 inhibits by inactivating a factor X rather than by titration of SARs; if the inhibitor were complexed to X and not SARs, then addition of extra SAR DNA would not dissociate this complex. In conclusion, MATH20 must be SAR-bound in mitotic extracts.
These derepression experiments also identify, in line with previous biochemical binding studies carried out with artificial SARs (Kas et al., 1989; unpublished data) , the homo-and not the alternating AT-polymer as an efficient antirepressor of MATH20. Note that SARs do not consist of pure homopolymeric A tracts, but such stretches, embedded in the generally AT-rich SAR, are an important structural feature implicated in SAR specificity. The sequence preference of SAR-binding proteins may be akin to that of AT-selective minor groove-binding ligands; distamycin, netropsin, Hoechst 33258, and berenil also have a higher affinity for homopolymeric A tracts than for alternating AT polymers (Abu-Daya et al., 1995).
Shape Determination
and Structural Support, Scaffolding, Is Blocked, Not Condensation of Chromatin The MATH-induced mitotic structures have a similar degree of chromatin compaction as do normal chromosomes, as judged by confocal microscopy. This is best noted by comparing input L-cell nuclei with the corresponding mitotic structures (Figure 7 ) but it is also evident if the sperm-derived mitotic and interphase nuclei are compared. The latter have a much larger volume, are generally round, and contain an irregular, less compacted chromatin interior (see Figure 7A ; Adachi and Laemmli, 1992) . In the presence of MATH20, misguided mitotic condensation occurs.
The role of SARs in chromosome shaping and the ongoing condensation in the presence of the inhibitor are dramatically shown by the late addition experiments ( Figure  7A ); MATH20 added after formation of mitotic chromatids (90 min) reshapes these elongated structures into very bright chromatid balls. This restructuring to chromatid balls is not observed if AMP-PNP and MATH20 are added together. This ATP analog converts topo II into a molecular clamp (Rota and Wang, 1992 ) that may prevent reshaping by fixing chromosome structure, although other ATPdependent steps of condensation may also be affected. Furthermore, nuclei exposed to MATH20 at 90 min in an interphase or heat-inactivated extract show unaltered morphology rather than mitotic-like compacted chromatin (Figure 7A) . Hence, the mitotic-like compacted chromatin obtained is not a MATH-induced precipitation event but is an active mitotic process.
Critical Test of the Scaffold Model
The scaffold model proposes that scaffolding proteins, attached at the bases (SARs) of the chromatin loops, drive condensation either by dynamic (contractile?) changes of preexisting cross-ties or by de novo formation thereof (Laemmli et al., 1977) . We originally chose the term scaffolding rather than, e.g., core or skeleton to encompass, implicitly and speculatively, several options. As opposed to a core, a scaffolding can be anywhere in the structure, e.g., central or throughout. As opposed to a skeleton, a scaffolding or its subcomponents may have a temporary shape-determining role during assembly, later becoming structurally dispensable (e.g., as in phage head assembly). These considerations are pointed out here, since some confusion exists in the literature.
The experiments reported here test the scaffold model in general and, more specifically, address the role of SARs in mediating shape determination and shape maintenance. In line with the model, titration of the SARs with a sterically blocking inhibitor prevented the orderly shape determination of chromosomes. Invasive occupation of SARs after late addition of MATH20 resulted in reshaped, collapsed mitotic chromosomes, implying that SARmediated interactions are also needed to maintain chromosomal shape. The data clearly establish that the MATH proteins are SAR-bound, thus demonstrating the crucial role played by SARs in mediating scaffold interactions during chromosome assembly. In the presence of MATH, chromatin of input nuclei condenses but does not resolve into chromosomes. This misguided condensation must be due to disruption of the normal SAR-mediated polymerization process of chromosome assembly. Supposedly, MATH displaces scaffold proteins to non-SAR locations, leading to inappropriate cross-tie formation. These illegitimate, compacting crossties may exist as both intra-and interchromosomal contacts, resulting in the observed restrained structure, blocked mitotic nuclei.
The reshaping/collapsing phenomenon of longitudinal chromatids into chromatid balls demonstrates that SARmediated interactions are also required for structural stability in mitotic extracts. This is an active mitotic process that may be the result of structural collapse and unrestrained maximization of illegitimate cross-ties, after displacement of shape-maintaining proteins from SARs by MATHPO. In the presence of MATHPO, chromosomes appear to behave as flexible polymers that contain dispersed self-aggregating regions along their lengths. Such a polymer, we guess, would aggregate into a ball with a central core and peripheral loops. It will be of interest to study chromatid balls structurally and the active processes involved. Note that MATH20 added to isolated chromosomes does not alter their structure.
The experiments reported here identify SARs as cis elements implicated in chromosome shape determination and shape maintenance. MATH proteins may serve as valuable tools to address the molecular mechanisms of the mediator proteins of these events.
Perspective
Using the novel approach of constructing artificial inhibitors composed of reiterated DNA-binding sites targeted to fuzzy subelements, we have functionally defined a DNA element involved in chromosome structure. This approach may be useful to address the function of other DNA elements that escape a more standard molecular genetic approach. Of course such inhibitors, if active in vivo, may allow a genetic approach. The approach taken here could be extended to drug design. Many DNA-binding drugs interact with DNA with a sequence preference that is generally not specific enough to allow precise targeting to the DNA. We propose that specific targeting to an essential, fuzzy DNA element could be achieved by the approach described here of covalently linking drugs by an appropriate spacer either in a serial or parallel arrangement.
Experimental Procedures DNA and Purification of MATH Proteins PET-3b plasmids containing the human HMG-I and HMG-IA mutant were provided by E. KBs and E. Gonzalez (unpublished data). These plasmids were used to prepare the reiterated MATH genes by PCR amplification using BamHI-Bglll primers. The 5' and 3' primers used for MATH10 and 20 are as follows: 5'-ATG GGA TCC AGT GAG TCG AGC TCG AAG TCC-3' (number 4) and 5' AGA AGA TCT TCC GTT lTT GCT TCC CTT TGG TCG-3' (number 2). Those for MATHlO, are primer number 2 and 5'-ATG GGA TCC CAG AAG GAG CCC AGC GAA GTG-3' (number l), and for MATHlO*., primer number I and 5'-AGA AGA TCT TCC GTT TTT CCT TCC ATT TGG TCG-3' (number 3). The amplified products were subcloned into the pUCI9 derivative for sequencing.
To generate MATH protein, the BamHI-Bglll amplification products were up-ligated in the presence of BamHl and Bglll and cloned into the vector pET9a and expressed in the E. coli strain BL21(DES)pLysE (Studier et al., 1990) . MATH11 was prepared by repeat cloning of a Smal-BamHI fragment into the Smal site of the PET-3b-HMG-I clone, resulting in a translation product as indicated. The influenza hemagglutinin (HAl)-tagged HMG-I and MATH1 1 clones were prepared by insertion of an appropriate Ndel-Ndel oligonucleotide (Field et al., 1988) into the Ndel site of the vector PET-3b containing the HMG-I or MATH1 I. Recombinant MATH proteins were purified as follows. Pellets of induced bacteria were resuspended in a phosphate-buffered saline solution containing 0.1% Triton X-100, 1 mM benzamidine, 25 mM DTT, and 1 mM PMSF. After adding perchloric acid (PCA) to a final concentration of 5%, the mixture was incubated at 4OC for 30 min. Acid-insoluble proteins were pelleted from the extract and the remaining soluble proteins precipitated from the extract by adding 100% trichloroacetic acid (TCA) to 30% final concentration. These proteins were resuspended with 0.3 M HCI and 6 vol of acetone, collected by centrifugation, washed with AET buffer (70% acetone, 20% ethanol, and 5 mM Tris-HCI [pH 7.5]), and resuspended in water. The MATH proteins were further purified by fast protein liquid chromatography using a Heparin ultrogel (IBF-A4R) column. The full-length MATH proteins were eluted at a flow rate of 0.5 mllmin with 50 mM KPO, (pH 7.4) and 1.2 M NaCI. Fractions (1 ml) were collected and analyzed by SDS-PAGE (Laemmli, 1970) . Peak fractions were TCA-precipitated, washed, resuspended in water, and stored at -7OOC. Protein concentrations were estimated by SDS-PAGE, with BSA as reference.
DNA Binding and Derepression Assay The plasmid K38 (Zhao et al., 1993) used in the band-shift experiments consists of the 857 bp Drosophila histone SAR (Mirkovitch et al., 1984) linked to an SV40 promoter-containing fragment. pK38 was digested with BamHI. end-labeled, and digested with Clal and Ncol to generate a 310 bp SAR fragment and a 223 bp non-SAR fragment (SV) containing the SV40 promoter region (Figure 2 ). DNA binding was performed in 10 mM Tris-HCI (pH 7.4), 50 mM NaCI. 1 mM EDTA, 5% glycerol, and 50 ng of sonicated salmon sperm DNA according to the protocol of Zhao et al. (1993) . The isolated EcoRI-BamHI histone SAR (657 bp) and EcoRI-Sall nor&AR (700 bp) fragment used in the derepression experiment ( Figure 7) were derived from pK38 and pK40, respectively.
Preparation
of Xenopus Egg Extracts Xenopus females were primed and ovulation was induced as described (Murray, 1991) . Mitoticand interphase high speed supernatant (HSS) extracts were prepared according to the protocols of Adachi et al. (1991) and Adachi and Laemmli (1992) . Heat-inactivated extracts (80°C, 5 min) were clarified in a microfuge.
Preparation of Nuclei and Chromatin Demembranated
Xenopus sperm nuclei were prepared as described (Lohka and Masui, 1984) . HeLa cell nuclei, mouse L-cell nuclei, and Kc-cell nuclei were prepared according to the protocols of Mirkovitch et al. (1984) . Chicken erythrocyte nuclei were prepared as described (Reitman and Felsenfeld, 1990) . Chromatin of Kc-cell and HeLa-cell nuclei were described previously (Zhao et al., 1993) . HAl-tagged MATH1 1 protein was added to Kc chromatin in buffer 1 (10 mM HEPES-NaOH [pH 7.51, 200 mM NaCI, 1 mM EDTA, 5% glycerol, 0.1% digitonin, and 0.01% BSA); following a 15 min incubation period, magnetic Dynabeads (DYNAL) precoated with anti-HA1 antibodies were added and incubation continued for 4 hr at 4OC. The beads were washed two times with buffer 1 and once with buffer 1 containing only 5 mM NaCI. The DNA was isolated from the beads by standard methodology, analyzed on an agarose gel, transferred to nitrocellulose membrane, and hybridized with labeled probes as indicated in Figure 5 .
